. New technologies have recently provided increased knowledge of the genetics and underlying molecular biology of the function of polyamines in both normal and neoplastic cells. The recognition that several oncogenic pathways lead to dysregulation of polyamine requirements and metabolism in the early stages of neoplastic transformation and tumour progression has provided greater insight into the essential roles that polyamines play in cancer and has suggested rational targets for intervention. New strategies for exploiting the differences between normal and neoplastic cell requirements for polyamines are being explored for both therapy for and prevention of several types of cancer.
An example of the need for spermidine in mammalian cells is its role as a precursor of hypusine, a post-translational addition to eukaryotic initiation factor 5A isoform 1 (eIF5A) that is necessary to prevent ribosomal stalling in the translation of mRNAs encoding polyproline tracts and certain other amino acid combinations [6] [7] [8] . The MYC oncogene plays a role in hypusine formation by driving the transcription of the gene encoding ornithine decarboxylase (ODC) and indirectly increasing the availability of spermidine for hypusine synthesis. This role of MYC is likely critical to both normal and neoplastic cells. MYC and other oncogenes have also been implicated in the expression of eIF5A in cancers 9 ( Fig. 2) . Ribosome-bound, hypusinated eIF5A interacts with the peptidyltransferase centre of the ribosome, stabilizing and orienting the CCA end of the peptidyl tRNA to allow synthesis through the regions prone to stalling 10 . Proteins regulating key functions in growth and development, including actin-associated and/or cytoskeletalassociated functions, RNA splicing and/or turnover, DNA binding and/or transcription and cell signalling, contain such regions and require hypusine for their efficient synthesis 11 . eIF5A may have additional
Cytostasis
The process by which cells stop dividing without dying; it is a common response by normal cells to polyamine depletion, which can then recover growth once the polyamine block is removed. Abstract | Advances in our understanding of the metabolism and molecular functions of polyamines and their alterations in cancer have led to resurgence in the interest of targeting polyamine metabolism as an anticancer strategy. Increasing knowledge of the interplay between polyamine metabolism and other cancer-driving pathways, including the PTEN-PI3K-mTOR complex 1 (mTORC1), WNT signalling and RAS pathways, suggests potential combination therapies that will have considerable clinical promise. Additionally , an expanding number of promising clinical trials with agents targeting polyamines for both therapy and prevention are ongoing. New insights into molecular mechanisms linking dysregulated polyamine catabolism and carcinogenesis suggest additional strategies that can be used for cancer prevention in at-risk individuals. In addition, polyamine blocking therapy , a strategy that combines the inhibition of polyamine biosynthesis with the simultaneous blockade of polyamine transport, can be more effective than therapies based on polyamine depletion alone and may involve an antitumour immune response. These findings open up new avenues of research into exploiting aberrant polyamine metabolism for anticancer therapy.
critical functions that influence neoplastic growth and require its hypusination, including the enhancement of nonsense-mediated mRNA decay 12, 13 . In this Review, we cover recent advances linking polyamine metabolism and cancer to the development and testing of new strategies to exploit polyamine metabolism for therapeutic advantage in the treatment and prevention of cancer. Because polyamine metabolism is downstream from several important oncogenic pathways, and because the polyamine pathway is frequently dysregulated in cancer, this pathway is a promising target for anticancer therapies. 
S-adenosylhomocysteine

Methyltransferases
Hypusine
A unique amino acid found in all eukaryotes and some archaea that is the product of a posttranslational modification of a specific lysine (K50 in humans) residue of the transcription factor eukaryotic initiation factor 5A isoform 1 (eiF5A), which is produced by the transfer of the aminobutyl moiety of spermidine to the lysine residue.
and is converted into higher polyamines by the addition of aminopropyl groups in reactions catalysed by spermidine synthase (SPDSY, encoded by SRM) and spermine synthase (SPMSY, encoded by SMS) 14 . The aminopropyl donor for these reactions is decarboxylated S-adenosylmethionine (dcAdoMet), produced by S-adenosylmethionine decarboxylase (AdoMetDC; which is encoded by AMD1). To maintain free concentrations and the relative amounts of spermidine and spermine, the activities of ODC and AdoMetDC are highly regulated at multiple levels, including transcription, translation and degradation 15, 16 . ODC protein levels respond rapidly to many stimuli including hormones, growth factors, oncogenes and the free polyamine content 15 . Regulation occurs during transcription of the gene encoding ODC (ODC1) and translation of its mRNA, which can be altered in both cap-dependent or internal ribosome entry site mechanisms. ODC protein turns over very rapidly in a unique process that involves antizyme 1 (AZ) (Fig. 3) . Encoded by the OAZ1 gene, AZ binds to ODC monomers, blocking dimerization-dependent ODC activity and targeting the ODC monomer towards proteasomal degradation. AZ is induced by polyamines in a mechanism that involves frameshifting to allow translation of the OAZ1 mRNA 17, 18 . AZ itself and thus polyamine synthesis are also affected by a protein termed antizyme inhibitor (AZI), which is encoded by the AZIN1 gene. This protein (structurally similar to ODC but without enzymatic activity) binds AZ more tightly than ODC and thus releases ODC from the AZ-ODC complex. Thus, AZI has been implicated in supporting cell growth through maintaining polyamine concentrations by blocking the ability of AZ to inhibit ODC and chaperone it to the 26S proteasome. It should be noted that there are three members of the antizyme family: AZ1, described here, AZ2 and AZ3. AZ2 is present in much lower cellular concentrations than AZ1, and AZ3 is expressed solely in the testis. Additionally, only AZ1 appears to be capable of improving ODC degradation 19 . In this Review, we refer to AZ1 as AZ in general.
The supply of dcAdoMet produced by AdoMetDC is regulated via a variety of mechanisms and limits production of the higher polyamines. This regulation includes endocrine effects on transcription, direct activation of the enzyme and increased processing of the initial proenzyme translation product by putrescine, inhibition of mRNA translation by spermidine and spermine (mediated by a 5′ untranslated region sequence encoding the MAGDIS peptide) and increased ubiquitylation and protein degradation when polyamines are elevated 16, 20 . The aminopropyltransferase reactions that form spermidine and spermine are effectively irreversible, but interconversion of the polyamines can occur via the action of spermine oxidase (SMOX) and polyamine oxidase (PAOX) 21 . The latter enzyme requires the action of spermidine/spermine N 1 -acetyltransferase 1 (SSAT; which is encoded by SAT1). SSAT is normally present at very low levels but is readily induced by increased free polyamine concentrations 22 . SSAT forms N 1 -acetylspermine and N 1 -acetylspermidine, which may be excreted from the cell or converted to 3-acetylaminopropanal, H 2 O 2 and spermidine or putrescine, depending on the starting polyamine, by PAOX. In some circumstances, SSAT can also form N 1 ,N 12 -diacetylspermine. SMOX directly oxidizes spermine to form 3-aminopropanal, H 2 O 2 and spermidine. These catabolic pathways prevent excess polyamine content. However, both oxidases have the potential to generate substantial amounts of reactive oxygen species (ROS), resulting in oxidative damage 21, 23 . Cytoplasmic and nuclear-localized SMOX may be more active in this respect, as PAOX is peroxisomal. The SMOX product 3-aminopropanal (3-AP) can also readily form acrolein and has been linked to ischaemia-reperfusion injury 24 .
Interaction with methionine metabolism. In tissues other than liver, polyamine synthesis utilizes a substantial fraction of cellular S-adenosylmethionine (AdoMet). Every aminopropylation reaction producing spermidine from putrescine or spermine from spermidine utilizes one molecule of AdoMet and generates 5-methylthioadenosine (MTA). MTA is a potent product inhibitor of polyamine biosynthesis, particularly of spermine synthase, but this inhibition is prevented by rapid metabolism of MTA and/or its excretion from the cell. MTA is recycled by a pathway initiated by 5′-methylthioadenosine phosphorylase (MTAP) (MTAP is frequently deleted in cancers) that forms adenine and 5′-methylthioribose-1-phosphate 25, 26 (Fig. 1b) . These are converted into ATP and methionine through the respective salvage pathways, which is important in maintaining ATP and methionine pools.
Polyamine transport. Fully protonated at physiological pH, polyamines do not passively diffuse through cell membranes. In mammalian cells, the polyamine transport system has been characterized as nATure revIewS | CAnCeR R e v i e w s volume 18 | november 2018 | 683
5′-methylthioadenosine phosphorylase
(MTAP). The enzyme that catalyses the initial step in methionine and adenosine nucleotide salvage from the methylthioadenosine product of both spermidine and spermine synthesis; the gene coding for this protein is frequently lost or silenced in tumours, thus facilitating a unique biochemical difference that may be exploited in many cancers.
Protonated
The state of having accepted a proton; in the case of polyamines at physiological pH, all imine and amine nitrogens are positively charged. Fig. 1 | The polyamine metabolic pathway and ATP and methionine salvage pathways. a | Arginase 1 (ARG1) produces ornithine from the amino acid arginine as part of the urea cycle. Ornithine decarboxylase (ODC) is a rate-limiting step in polyamine biosynthesis and produces the diamine 1,4-diaminobutane (putrescine). Decarboxylated S-adenosylmethionine (dcAdoMet) is the aminopropyl donor for spermidine synthase (SPDSY) and spermine synthase (SPMSY) for the synthesis of spermidine and spermine, respectively. Spermidine/spermine N 1 -acetyltransferase 1 (SSAT) catalyses the transfer of the acetyl group of acetyl-CoA to either spermidine or spermine, which can then either be excreted from the cell or serve as substrates for polyamine oxidase (PAOX). PAOX is a peroxisomal enzyme capable of catalysing N 1 -acetylated polyamines. 3-Acetylaminopropanal (3-AAP) is a product of oxidation of the acetylated polyamines by PAOX. Spermine oxidase (SMOX) is a cytosolic and nuclear amine oxidase that directly oxidizes spermine to produce spermidine. 3-Aminopropanal (3-AP) is a product of the oxidation of spermine by SMOX. b | S-adenosylmethionine decarboxylase (AdoMetDC) is the second rate-limiting enzyme in polyamine biosynthesis and produces the aminopropyl donor dcAdoMet. Once decarboxylated, dcAdoMet cannot be used in methyl-transfer reactions. 5′-Methylthioadenosine (MTA) is the product resulting from the loss of the aminopropyl group of dcAdoMet in spermidine and spermine synthesis. 5′-methylthioadenosine phosphorylase (MTAP) converts MTA into adenine and 5-methylthioribose-1-phosphate. Adenine is converted to AMP by adenine phosphoribosyltransferase (APRT) using phosphoribosyl pyrophosphate (PRPP) as a phosphoribosyl donor and is converted to ATP by successive phosphorylation reactions using inorganic phosphate (P i ) as the donor. Methionine is salvaged from 5-methylthioribose-1-phosphate through a series of enzymatic steps, resulting in a substrate that can be combined with ATP to form S-adenosylmethionine (AdoMet) by the action of methionine adenosyltransferase 2 (MAT2). Ado, adenosine.
energy-dependent and saturable. However, the actual number of transport systems and all the molecular players involved in them are not currently known 27 . One proposed model relies on an unidentified membrane permease for the polyamines to enter the cell. Once inside, the polyamines are processed through a series of endosomes 28 . In a second model, polyamines bound to heparin sulfate moieties in glypican 1 at the cell surface are internalized by endocytosis 29 . A third model proposes caveolar endocytosis in gastrointestinal cells 30 .
It is important to note that ODC antizymes also play a major role in regulating polyamine transport through a currently unknown mechanism 31 . Although there is evidence that both polyamines and polyamine analogues can be taken up into tumour cells and that such uptake may antagonize the effects of drugs blocking polyamine synthesis, it is not clear to what extent dietary polyamines contribute to maintaining polyamine levels in tissues in the absence of polyamine synthesis inhibitors.
Polyamines and cancer
Polyamine metabolism, oncogenes and tumour suppressors. The direct interplay between oncogenes and polyamine metabolism was first apparent with the demonstration that ODC was a transcriptional target of the MYC oncogene 32 . Growth stimuli leading to increased MYC expression result in increased ODC1 mRNA and increased ODC protein and activity, thus providing cells stimulated to divide the increase in polyamines necessary for proliferation. Thus, the MYC signalling pathway is seen as one of the major drivers in dysregulated polyamine metabolism-associated cancers. As members of the MYC family are frequently amplified or overexpressed in cancer, the regulation of polyamine biosynthesis by MYC family genes plays a substantial role in multiple cancer types including leukaemias and lung, neural and breast cancers [33] [34] [35] [36] [37] . Furthermore, the link between MYC, hypusine formation and eIF5A activation likely plays a role in neoplastic transformation 9 ( Fig. 2) Fig. 2 | Hypusination of eukaryotic initiation factor 5A isoform 1 plays critical roles in both normal and neoplastic cell proliferation. Ornithine decarboxylase (ODC) is a transcriptional target of the MYC oncogene in both normal and neoplastic cells. MYC-driven tumours rely on increased biomass creation (specifically proteins) to support proliferation, and MYC targets include ribosome components, tRNAs and initiation and elongation factors, including eukaryotic initiation factor 5A isoform 1 (eIF5A). Thus, the simultaneous increase in spermidine available for eIF5A modification enables translation. Several oncogenes, including those of the RAS family and BCR-ABL, have been implicated in leading to increased expression of eIF5A in multiple cancers. With increased ODC, polyamines, including spermidine, the substrate for deoxyhypusine synthase (DHS), are increased. Deoxyhypusine hydroxylase (DOHH) then forms the active hypusinated form of eIF5A. Hypusinated eIF5A facilitates the translation of polyproline tracks and prevents ribosome stalling on specific mRNAs in addition to promoting the translation necessary for cell growth in both normal and tumour tissue. This absolute requirement of spermidine in hypusination of eIF5A may represent its essential requirement for cell proliferation. Furthermore, oncogene-driven upregulation of hypusinated eIF5A could potentially lead to a skewing of protein translation towards a hypusine-dependent translatome 153 . eIF5A has also recently been implicated in enhancing nonsense-mediated mRNA decay 9, 12, 13 . The polyamine putrescine may also contribute to protein synthesis via its effects on mTOR complex 1 (mTORC1) and the eukaryotic translation initiation factor 4E (eIF4FE) cap-binding translation initiation complex 153 . Figure associated with polyamine metabolism and requirement in multiple cancers.
The RAS-RAF-MEK-ERK signalling pathway has been shown to control polyamine metabolism in multiple aspects. RAS activation has been associated with increased polyamine transport by colon tumour cells 38 . Additionally, KRAS has been implicated in the downregulation of SSAT through interference with peroxisome proliferator-activated receptor-γ (PPARγ) transcriptional activation of SAT1, thus allowing transformed cells to maintain elevated levels of polyamines 39 .
Another member of the RAS-RAF-MEK-ERK signalling pathway, which is frequently mutated in cancer, is the BRAF oncogene that is estimated to be mutated in half of melanoma tumours 40 . Although BRAF-mutant tumours initially respond to BRAF inhibitors, resistance to these inhibitors develops rapidly 41 . Interestingly, BRAF-mutant melanoma cells possess greater polyamine transport activity than their normal BRAF counterparts 42 . Furthermore, in vitro studies demonstrated that, when exposed to naphthalene conjugates that could enter the cell via only the polyamine transport system, there was selective killing of BRAF-mutant melanoma cells, whereas wild-type melanoma cells were resistant, indicating that BRAF-mutant melanoma cells can be more susceptible to certain drugs owing to the increase in polyamine transport activity. Additionally, treatment with a polyamine analogue may reduce the incidence of developed resistance to BRAF inhibitors 42 . Furthermore, polyamine metabolism is regulated by AKT signalling in hypoxia-driven neovascularization 43 . It has also been demonstrated, in a series of human hepatocellular carcinomas and colon carcinoma cell models, that polyamine depletion through the overexpression of SSAT is a result of decreased AKT signalling and reduced nuclear β-catenin leading to decreased cell growth, migration and invasion 44 . The PTEN-PI3K-mTOR complex 1 (mTORC1) pathway has been shown to be linked with polyamine metabolism in prostate cancer through the upregulation of AMD1 (reFs [45] [46] [47] ). Using an integrative metabolomics approach in both mouse and human prostate tumours, mTORC1 was shown to be required for increased AdoMetDC activity and dcAdoMet levels. Inhibition of mTOR resulted in decreased AdoMetDC activity and decreased intracellular polyamine levels. The mechanism by which mTORC1 leads to increased AMD1 expression appears to involve stabilization of the AdoMetDC proenzyme through phosphorylation of residue S298 (Fig. 4) . However, direct phosphorylation of AdoMetDC through the kinase activity of mTORC1 was not demonstrated, suggesting that mTORC1 is not directly responsible for this phosphorylation.
Like the oncogene MYC, the so-called early immediate genes JUN and FOS can also be involved in the stimulation of polyamine biosynthesis, thus promoting tumour growth. Methionine adenosyltransferase (MAT) is responsible for the transfer of methionine to ATP, forming AdoMet. MAT2 (also known as AdoMet synthase 2), the MAT isozyme that is expressed in all extrahepatic tissues, is a transcriptional target of activator protein 1 (AP-1) (FOS-JUN heterodimers). In colon cancers, ODC, MAT2, FOS and JUN are all expressed at higher levels in tumour tissue than in adjacent normal mucosa 48 . This results in increased ODC and polyamine production, thus providing tumour cells with the necessary increase in polyamines needed for continued proliferation.
A non-canonical Hedgehog signalling pathway has recently been implicated in the upregulation of polyamine biosynthesis in the precursor lesion to medulloblastoma 49 . ODC protein levels and polyamine biosynthesis are increased downstream from Hedgehog signalling by activated 5′-AMP-activated protein kinase (AMPK). AMPK phosphorylates the translational regulator cellular nucleic acid-binding protein (CNBP), resulting in CNBP stabilization and increased translation of ODC. When either the Hedgehog pathway or the polyamine pathway was inhibited, the growth of primary medulloblastoma cells in a mouse xenograft model was significantly impaired.
The WNT signalling pathway has been linked to prostate cancer, and activation of the canonical pathway is associated with advanced and metastatic cancers. Ornithine decarboxylase (ODC) is active as a homodimer, but ODC monomers have higher affinity for ODC antizyme 1 (AZ). When intracellular polyamine concentrations are high, a +1 frameshift occurs (marked in green), leading to translational readthrough. OAZ1 mRNA is translated into full-length AZ that can then bind to ODC monomers, preventing ODC activity and chaperoning the ODC monomers to the 26S proteasome for degradation in an ubiquitin (Ub)-independent manner. AZ also inhibits polyamine transport through an unknown mechanism. When intracellular polyamine concentrations are low , full-length AZ is not translated owing to an upstream, in-frame stop codon (marked in red) in its mRNA and thus does not inhibit ODC or block polyamine transport. AZ binding to ODC can be blocked by the inactive ODC homologue, antizyme inhibitor (AZI). Both AZ and AZI, unlike ODC, are polyubiquitylated and degraded by the 26S proteasome. Tendencies when intracellular polyamine concentrations are high are indicated as black arrows, and tendencies when intracellular polyamine concentrations are low are indicated as grey arrows. The inactive precursor of an active enzyme; S-adenosylmethionine decarboxylase (AdoMetDC) is a self-processing proenzyme that undergoes an autocatalytic serinolysis to produce the pyruvoyl group necessary for the activity of the mature AdoMetDC enzyme.
Although activation of the non-canonical WNT5A pathway has been observed in both good and poor prognoses, WNT5A activation has also been shown to induce the epithelial-to-mesenchymal transition (EMT) observed in prostate cancer. Using a combination of transcriptomics, metabolomics and histopathology, with extensive follow-up, a non-canonical WNT gene expression signature was identified, termed the non-canonical WNT pathway (NCWP)-EMT signature, that was associated with higher Gleason score and more aggressive disease and was of predictive value for biochemical recurrence 50 . Although there were no apparent direct links between the NCWP-EMT gene signature and members of the polyamine metabolic pathway, decreased citrate and spermine levels were the most prominent metabolic alterations in the most aggressive phenotypes. Therefore, combining the NCWP-EMT signature with changes in the citrate and spermine levels may provide an avenue for better risk stratification and subtyping in patients with prostate cancer.
Although there have been several reports on the interplay between polyamine metabolism and oncogenes, little has been published on the interplay between polyamine metabolism and tumour suppressor genes. Recently, a direct link between the antitumour effects of the tumour suppressor p53 and SSAT has been suggested, indicating that p53-induced expression of SAT1 induces lipid peroxidation and ferroptosis in response to ROS-induced cell stress 51, 52 . Thus, the tumour-suppressive function of p53 seems to be in part mediated by direct transcriptional activation of SSAT and SSAT-dependent lipid peroxidation. Importantly, although mouse embryonic fibroblasts (MEFs) derived from p53 acetylation-mutant (Trp53 3KR ) mice are deficient in cell cycle arrest, apoptosis and senescence, these cells still maintain their ability to suppress spontaneous tumour formation, and the mutant p53 still induces SAT1 transcription as well as the wild-type p53; additionally, these cells undergo ferroptotic cell death. To demonstrate the linkage between p53 expression, SSAT and ferroptosis, MEFs from wild-type p53, p53 acetylation mutants and p53-null mice were used. Only the wild-type and acetylation mutants responded to Nutlin by inducing SSAT and ferroptosis (Nutlin binds the p53 regulatory protein E3 ubiquitin-protein ligase MDM2, thus freeing p53 to activate its target genes). The induction of ferroptosis was partially blocked by small interfering RNA targeting SSAT, indicating that the p53 induction of SSAT expression is necessary for the p53-induced ferroptosis. Unfortunately, no data were presented to confirm that actual changes in polyamine levels or their metabolites occur under any of the experimental conditions 51 .
Polyamines as biomarkers in cancer.
The use of polyamines and their metabolites as biomarkers of cancer is not new 53 . Past studies were hindered by relatively low sensitivity of the methodologies used and the lack of overall metabolic data. However, recently developed metabolomic techniques providing more sensitive measurements and more detailed and extensive metabolic profiles of various cancers suggest new promise for using polyamines as biomarkers in cancer and for predicting treatment response. Studies using a metabolomics approach in human epidermal growth factor receptor 2 (HER2; also known as ERBB2)-positive breast cancers show that good responders to trastuzumab-paclitaxel neoadjuvant therapy had higher serum spermidine and lower tryptophan levels than poor responders 54 . Similarly, polyamines and their metabolites in urine and plasma can be useful both in diagnosis and as markers of tumour progression in lung and liver cancers 55, 56 . Urinary N 1 ,N 12 -diacetylspermine has been implicated as an effective biomarker for lung and ovarian cancer [57] [58] [59] . N 1 ,N 12 -diacetylspermine has also been observed in high concentrations in biofilm-associated, right-side colon cancers 60, 61 . Finally, polyamines and polyamine metabolites measured in either urine or serum have shown potential as biomarkers for prostate, colon and pancreatic cancers [62] [63] [64] [65] [66] . Such analyses, combined with increasingly precise genomic signatures, may aid in the development of more personalized approaches to cancer diagnosis and treatment based on using polyamines as biomarkers. 
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Ferroptosis
An iron-dependent programmed cell death process that is characterized by an accumulation of lipid peroxidases.
Targeting of polyamine metabolism Polyamines are required for proliferation. Therefore, many cancers, especially oncogene-driven cancers, might be sensitive to interference with polyamine metabolism. Thus, the loss of growth control in cancer cells predisposes transformed cells to be more sensitive to polyamine depletion than normal cells. The polyamine metabolic pathway is therefore a rational target for therapeutic intervention, and inhibitors of essentially all the polyamine metabolic enzymes have been identified. There are also candidate drugs that target the polyamine transport systems, the regulation of polyamine content and the production of oxidative damage associated with polyamine catabolism. Several of these strategies have been effective in cancer prevention and treatment in animal models, and some have progressed to clinical trials (TAble 1) . The effectiveness of these trials has to be fully evaluated, but the basic hypothesis that these are useful targets for cancer chemotherapy and chemoprevention continues to provide promising avenues to explore.
Inhibitors of S-adenosylmethionine decarboxylase and aminopropyltransferases. Methylglyoxal bis(guanylhydrazone) (MGBG) was used as an anticancer drug in the 1960s, but its efficacy was limited by severe toxicity. MGBG was later found to be a tight-binding inhibitor of AdoMetDC 16 , suggesting AdoMetDC as a promising drug target. This work led to the synthesis of numerous inhibitors of AdoMetDC, including 4-amidinoindan-1-one 2′-amidinohydrazone (SAM486A) 67 . However, although these compounds had antitumour activity, issues of severe toxicity remained. The antitumour activity and/or toxicity of these analogues was due to not only interference with polyamine metabolism but also antimitochondrial actions and other off-target effects. More specific and potent inhibitors, such as 5′-(((Z)-4-amino-2-butenyl)methylamino)-5′-deoxyadenosine (AbeAdo) and its 8-methyl derivative (Genz-644131), inactivate AdoMetDC by an irreversible reaction at the active site 5, 16 . These inhibitors specifically interfere with polyamine synthesis but have yet to be established as valuable antitumour agents.
Aminopropyltransferase inhibitors have been shown to reduce polyamine content when used in vitro 14 . However, the changes produced are somewhat modest, presumably owing to the limited potency of the compounds, the slow turnover of polyamines and the autoregulation of the polyamine pathway, resulting in increases in the biosynthetic decarboxylases and changes in the interconversion pathway.
Strategies involving methionine adenosyltransferase metabolism. Absence of MTAP occurs at high frequency in many tumours either owing to aberrant methylation suppressing gene expression or to gene deletion. The MTAP gene is adjacent to the CDKN2A tumour suppressor locus and may be co-deleted. However, the absence of MTAP expression in many tumours may not be exclusively owing to this linkage. Global homozygous MTAP deletion leads to embryonic lethality in mice, but heterozygotes with reduced MTAP content develop lymphomas, suggesting that MTAP itself is a tumour suppressor 68 . Downregulation of MTAP increased the invasion and migration of oesophageal squamous carcinoma cells via effects on the glycogen synthase kinase-3β (GSK3β)-neural crest transcription factor SLUG (also known as SNAI2)-epithelial cadherin (E-cadherin; also known as CDH1) system, specifically downregulating GSK3β and E-cadherin while upregulating SLUG expression 69, 70 . Many tumours depend on exogenous methionine for growth, which may be partly a result of MTAP loss and lack of efficient methionine salvage in these tumours 71 . MTAP converts MTA into 5-methylthioribose 1-phosphate and adenine. While 5-methylthioribose 1-phosphate is converted in methionine through its respective salvage pathway, adenine is converted into AMP by adenine phosphoribosyltransferase (APRT) in a reaction using phosphoribosyl pyrophosphate (PRPP) (Fig. 1b) , enabling ATP salvage. APRT also acts on purine analogues, leading to the formation of toxic nucleotides. This lethal synthesis is greatly reduced in normal cells because the available PRPP is depleted as a result of MTAP activity producing high levels of adenine 26 . In transformed cells lacking MTAP, however, PRPP is used less for AMP synthesis and available for other reactions, resulting in a much-improved therapeutic window. Strategies to exploit this MTAP deficiency are an active area of investigation 26, 72 , including the administration of MTA followed by a toxic purine or pyrimidine analogue in tumours lacking MTAP. This approach has been suggested for a variety of purine and pyrimidine analogues that require conversion to nucleoside monophosphates by combination with PRPP, but on the basis of recent studies using human tumour mouse xenograft models, 2-fluoroadenine appears to be most promising 72 . This effect could be due to direct competition by adenine at the active site of APRT. Another suggested approach, which has not yet been exploited clinically, uses the finding that MTA inhibits protein arginine N-methyltransferase 5 (PRMT5), and further depletion of this enzyme causes cell death 73, 74 . The importance of MTAP in maintaining methionine and ATP pools in cells actively synthesizing polyamines has led to suggestions that MTAP inhibitors would be useful in treating tumours that express MTAP. For example, prostate cancers frequently retain the MTAP locus. The methionine salvage pathway initiated by MTAP is critical to maintaining metabolite pools in prostate cancer owing to the high level of flux through the polyamine metabolic pathway. Therefore, the use of drugs targeting MTAP may have potential for treating prostate cancer 75 and other cancers that express MTAP. Numerous purine derivatives that inhibit MTAP have been synthesized, the most potent of which are transition-state analogues that contain a cationic nitrogen and a protonated 9-deazaadenine leaving group, such as methylthioDADMe-immucillin-A (MTDIA) 76 . Mouse tumour xenografts of human lung carcinomas and head and neck cancers that express MTAP were effectively treated with MTDIA, as measured by significant inhibition of tumour growth and a reduction in metastases 77 . This treatment led to the expected increase in MTA levels and nATure revIewS | CAnCeR [78] [79] [80] . DFMO is a potent and highly specific enzyme-activated, irreversible inhibitor of ODC activity. In vitro, DFMO treatment typically leads to depletion of both putrescine and spermidine, with little effect on spermine levels, accompanied by growth inhibition. Addition of spermidine concurrent with DFMO treatment restores growth without restoring levels of putrescine, suggesting that it is spermidine that is required for cell proliferation 1 . The effectiveness of DFMO in vivo is somewhat limited by its poor pharmacokinetics owing to rapid excretion and the very short half-life of ODC protein 15 . Despite this, it has demonstrated significant therapeutic effects.
Many experimental in vivo studies suggest that ODC is a valid target for treatment and/or prevention of cancer. Clinical work with DFMO has supported this concept, although it has still to reach general acceptance for cancer therapy. Notable encouraging results include positive effects on anaplastic gliomas 81 , ongoing clinical trials on neuroblastoma 82, 83 and prevention of colorectal cancer 84, 85 . In spite of a recent review that erroneously indicated that clinical trials of DFMO have been abandoned because of its toxicity 86 , the safety and therapeutic value of DFMO is well established. High doses are used as part of a highly successful therapy for sleeping sickness caused by Trypanosome brucei subsp. gambiense 87 , and it is clinically approved for treatment of hirsutism 88 . The possibility of using DFMO in combination with cytotoxic agents (including MGBG and various alkylating agents) for treatment of brain tumours has been under examination for almost 40 years. A detailed description of the history and results of studies is given in a recent review by Levin and colleagues 80 . Early trials were hindered by substantial toxicities associated with the cytotoxic drugs, although this toxicity was not increased by DFMO. More recent phase II and phase III studies where DFMO was given both as a single agent and in combination with PCV therapy (procarbazine, lomustine and vincristine) showed statistically significant improvements in survival in patients with anaplastic astrocytomas and gliomas. These trials were both slow to complete and had limited numbers of patients owing to slow accrual. In order to obtain regulatory approval of DFMO for the treatment of anaplastic astrocytomas, a multicentre, six-country, randomized phase III trial is currently in progress comparing DFMO plus lomustine with lomustine alone in patients whose tumours have not responded to radiation therapy or temozolomide chemotherapy 81 . Trials of DFMO are also ongoing for the treatment of refractory neuroblastoma. A strong rationale for such trials is provided by work showing that ODC is a downstream target of the protein product of MYCN, which is frequently amplified in neuroblastomas 82, 89, 90 , and that elevated ODC and decreased AZ expression correlate with unfavourable responses to standard therapy 91 . Additionally, there is evidence of ODC1 amplification in some patients with high-risk neuroblastoma who also harbour MYCN amplifications 92 . Treatment of MYCN-amplified neuroblastoma cells in culture with DFMO causes accumulation of cyclin-dependent kinase inhibitor p27 (also known as CDKN1B) and p27-RBcoupled G1 cell cycle arrest 34 . Transgenic and xenograft neuroblastoma models responded to combinations of DFMO and SAM486A and to DFMO plus celecoxib (which, among other actions, induces SSAT) 69 . Encouraging results in phase I trials of DFMO for relapsed and/or refractory neuroblastoma suggest that this treatment should proceed to more extensive trials 82, 83 . Interestingly, children with a minor T allele at rs2302616 of ODC1 with relapsed or refractory neuroblastoma had higher levels of urinary polyamine markers and responded better than those with the major G allele 83 . Differences in ODC expression and activity owing to these alleles (which influence ODC transcription) were previously shown to alter cancer risk and response to therapy. Additionally, it has recently been found that elevated levels of both ODC and deoxyhypusine synthase (DHS) are correlated with poor prognosis in neuroblastoma and that the combination of DFMO with GC7, a drug blocking DHS, synergistically induced caspase 3 (CASP3)-CASP7-CASP9-mediated apoptosis in these tumours 93 . DHS was also recently linked to cancer progression and metastasis through eIF5A-facilitated translation of RHOA and activation of the RHOA signalling pathway in squamous cell carcinoma and pancreatic ductal carcinoma 94, 95 .
Combining difluoromethylornithine with exogenous polyamine depletion: polyamine blocking therapy. Another promising area for the use of DFMO in therapy is the somewhat recent strategy termed 'polyamine blocking therapy' (PBT). A major disadvantage of DFMO as a monotherapy is the compensatory increase in polyamine transport when polyamines are depleted. One strategy to overcome this compensation is to reduce dietary polyamines in combination with DFMO treatment 85 . However, this strategy has major limitations because polyamines are present in virtually all foods and because the gut flora are a rich source of polyamines 96 . A second, potentially more promising approach is the combination of nontoxic, polyamine transport inhibitors with DFMO.
To test this approach, potent compounds blocking polyamine transport have been explored 97, 98 . These include AMXT 1501, which synergizes with DFMO in depleting polyamine content and reducing the growth of various tumour models, including neuroblastoma 99 . Encouraging results from using this combination approach have also been reported in a gemcitabine-resistant orthotopic pancreatic cancer model 100 . Potentially the most exciting finding is that PBT promotes the antitumour immune response, resulting in even greater antitumour effects than would be nATure revIewS | CAnCeR expected from polyamine depletion in tumour cells alone. In immune-competent mouse models of lymphoma, melanoma and colon cancer, treatment with the combination of DFMO plus AMXT 1501 led to a decrease of tumour-infiltrating myeloid suppressor cells and an increase of CD3 + T cells, resulting in inhibition of tumour growth 101 . Further, in an FVB murine mammary tumour model, PBT protected mice from a secondary tumour challenge after the primary tumour was treated and removed. In a similar study, a different polyamine transport inhibitor (Trimer PTI) in combination with DFMO was used. This resulted in decreased regulatory T cells and reduced tumourinfiltrating myeloid-derived suppressor cells, concurrent with increased granzyme B and interferon-γ (IFNγ) and activated effector T cells 102 . The net result is a dampened tumour-promoting microenvironment and an increase in an antitumour immune response.
The potential for PBT to enhance the antitumour immune response is consistent with recent studies using a myeloid-specific knockout of ODC 103 . ODC activity and polyamines favour the tumour-tolerant M2-like phenotype while reducing the antitumour M1-like phenotype. These findings are consistent with earlier work implicating ODC in the regulation of M1 macrophages 104 . In sum, results shown with PBT and other studies [105] [106] [107] suggest that intervention in polyamine metabolism will be a fruitful avenue to pursue for developing anticancer therapy, possibly in combination with other immune therapy modalities. However, further investigation will be necessary to fully realize the potential of pursuing such a strategy.
Use of difluoromethylornithine in chemoprevention.
Many animal studies suggest that the polyamine pathway would be a suitable target for prevention of cancer in high-risk populations. Unregulated expression of ODC promotes carcinogenesis in animals treated with carcinogenic stimuli including chemicals and radiation. Conversely, expression of AZ from constructs with mutations that do not require the polyamine-induced frameshifting for synthesis reduces tumour incidence 89, [108] [109] [110] [111] . Even the modest reduction of ODC in Odc1 +/− mice reduces MYC-driven lymphoma incidence 112 . A clinical trial of 350 patients prone to colorectal adenoma incidence showed that combined treatment with DFMO and the nonsteroidal anti-inflammatory drug (NSAID) sulindac significantly reduced the incidence of recurrent adenomas 113 with few side effects 114 . Unfortunately, the trials did not include DFMO alone, and sulindac itself has a chemopreventive effect in humans and animal models 115 . A further trial containing separate treatment arms is currently in progress to determine whether DFMO and/or sulindac can reduce tumours in patients with familial adenomatous polyposis. There are also preliminary indications that DFMO may be useful in chemoprevention of oesophageal cancer in patients with Barrett oesophagus 116 . However, it has been suggested that the beneficial effects of DFMO are actually indirect and are based on the decreases in AdoMet pools caused by increased AdoMetDC activity 117 . Such changes were postulated to result in decreased thymidylate pools, and in experiments with colorectal cancer cells in vitro, thymidine supplementation overcame the cytostatic effects of DFMO 117 . These findings have not yet been confirmed in follow-up studies, and it remains to be demonstrated whether these results are actually seen in patients at the doses of DFMO used in the clinical trials, but they do emphasize the importance of maintaining awareness of the interactions between polyamine and AdoMet metabolism.
Modest attempts have commenced using similar approaches with DFMO for prostate cancer chemoprevention 118 . As indicated above, the recent findings that increased AdoMetDC occurs frequently in prostate cancers owing to activation of the mTORC1 pathway and that treatment with the mTORC1 inhibitor everolimus leads to a loss of AdoMetDC protein suggest that an AdoMetDC inhibitor would be even more effective. This concept is also supported by studies in a mouse model modulating PTEN expression, in which downregulation of AdoMetDC by short hairpin RNAs reduced tumour growth 45, 46 .
Polyamine catabolism as a target for chemoprevention. Expression levels of the polyamine catabolic enzymes SSAT and SMOX are frequently upregulated in response to infection and inflammation, which are both conditions that are associated with increased risk of cancer. Increases in SSAT and SMOX subsequent to these stimuli have been demonstrated in lung, prostate, colon, stomach and liver models [119] [120] [121] [122] [123] [124] [125] . Although it is possible that the ROS produced are coming from both SMOX and PAOX (downstream from increased SSAT activity), data indicate that the majority of damaging ROS results from SMOX, suggesting a pathway linking inflammation and infection to carcinogenesis through the production of ROS by polyamine catabolism in general and by SMOX specifically 120, 126 . A prostate tissue microarray study revealed that SMOX expression is elevated in prostate samples from patients with prostate cancer at all stages of disease when compared with that from individuals who did not have prostate cancer. This is true even in normal-appearing prostate tissues from patients with cancer 121 . In the case of gastric cancer, in vitro, in vivo and patient samples indicate that infection of gastric epithelial cells by Helicobacter pylori induces SMOX activity, resulting in increased ROS production and DNA damage 119, 127, 128 (box 1). Importantly, in animal models of both colon and gastric cancers, inhibition of SMOX by the polyamine oxidase inhibitor -di(buta-2,3-dien-1-yl)butane-1,4-diamine (MDL 72527) leads to a significant decrease in ROS production, DNA damage and tumour incidence 123, 127 . These data strongly imply that inhibition of SMOX is a rational target for chemoprevention in at-risk patients. To further bolster the argument that SMOX could serve as a safe target for a chemopreventive agent, a whole-animal knockout of SMOX in mice has no deleterious results have not yet been tested in tumorigenesis models 24 . Unfortunately, the discovery of selective inhibitors of www.nature.com/nrc SMOX has been hindered by the lack of a crystal structure for the enzyme, and none of the currently available SMOX inhibitors is selective for SMOX, as these inhibitors also effectively inhibit PAOX and are potentially toxic when used over an extended period 130 . Interestingly, polyamine catabolism also appears to play a substantial role in the renal toxicity associated with frequently used chemotherapeutic platinum drugs 129 . Consequently, effective SMOX inhibitors may also have utility in reducing dose-limiting toxicities of these commonly used agents.
Development and use of polyamine analogues.
Although the direct inhibition of polyamine synthetic enzymes has demonstrated some promise, the results have been less than hoped for in the treatment of advanced cancers. This disconnect likely results from compensatory mechanisms that occur when polyamine nATure revIewS | CAnCeR R e v i e w s volume 18 | november 2018 | 691
Box 1 | Polyamine metabolism in cancer-associated inflammation and infection
Inflammation and/or infection are thought to play a role in the aetiology and progression of >20% of epithelial cancers 125, [156] [157] [158] [159] . A prime example is the well-established causal link between Helicobacter pylori infection and gastric cancer 160, 161 . Similarly, bacterial infections of the colon, such as those with enterotoxigenic Bacteroides fragilis (eTbF), have linked inflammation to an increased risk of colon cancer 162, 163 . In each of these cases, inflammation and/or infection are linked to increased polyamine catabolism. The net result is an increase in reactive oxygen species (roS) and a decrease in spermine and spermidine 5 . The importance of this loss of polyamines concurrent with an increase in roS is that both spermidine and spermine act as free radical scavengers and are closely associated with chromatin 164 . Thus, the potential for cellular and DNA damage is increased 165 . Notably, it is not only the potential for DNA damage and mutation that is associated with roS but also the potential for epigenetic changes resulting in the silencing of tumour suppressor genes. This result has been demonstrated in both the eTbF and H. pylori models and is consistent with observations in affected individuals 128, 166 . H. pylori infection of gastric epithelium induces spermine oxidase (SmoX) leading to H 2 o 2 production and DNA damage, increasing the potential for genetic and epigenetic changes. Mature miR-124, a tumour-suppressive microRNA, is transcribed from three distinct gene loci and targets the 3′ untranslated region of SMOX mrnA. In uninfected gastric epithelium (see the figure, part a) , the mir-124 genes (miR-124-1, miR-124-2 and miR-124-3 ) are transcribed and the mature mir-124 effectively maintains basal SmoX activity levels by regulating translation. In infected gastric epithelium (see the figure, part b) The first analogues designed to fulfil these criteria were the bis(ethyl)polyamine analogues 131 . In addition to downregulating polyamine biosynthesis and inhibiting transport, several of these analogues, including leading to tumour-selective cytotoxicity 21 . BENSpm also elicited enhanced antitumour effects in combination with several common chemotherapeutic agents 132, 133 . Building on this paradigm, other structural analogues, including unsymmetrically substituted and rotationally restricted compounds, have been synthesized and evaluated 134 . Like BENSpm, N 1 ,N 12 -bis(ethyl)-cis-6,7-dehydrospermine (PG-11047) inhibited polyamine biosynthesis, depleted polyamines and induced polyamine catabolism without significant toxicity in preclinical in vitro and in vivo studies of melanoma and lung, prostate and colon cancers, where responses ranged from inhibition of tumour growth to complete eradication of established tumours 126, 132, [135] [136] [137] [138] [139] . Although both BENSpm and PG-11047 were generally well tolerated in clinical trials, no activity greater than stable disease has been reported [140] [141] [142] [143] . This lack of more encouraging results was possibly due to the suboptimal dosing schedules used in clinical trials, which can only be addressed by future studies.
Discovery of the histone-modifying enzyme lysinespecific histone demethylase 1A (LSD1, also known as KDM1A) and its high homology to both PAOX and SMOX suggested the use of polyamine analogues for epigenetic regulation 144 . LSD1 demethylates the transcriptionally activating marks monomethyl-lysine 4 and dimethyl-lysine 4 on histone H3 and is frequently dysregulated in cancer, leading to aberrant silencing of tumour suppressor genes 145 . Because LSD1 acts by the same oxidative mechanism as PAOX and SMOX, it was hypothesized that specific polyamine analogues could inhibit LSD1. Several reports in multiple systems have now demonstrated that specific polyamine analogues are efficient inhibitors of LSD1, leading to reactivation of aberrantly silenced genes and inhibiting tumour cell growth, both in vitro and in vivo [146] [147] [148] [149] . One highly innovative use of the polyamine analogues is in the construction of self-immolative, prodrug nanoparticles for the delivery of therapeutic nucleic acids and other drug cargos 150, 151 (Fig. 5) . As backbones for nanoparticles, analogue molecules are linked together with reducing agent-sensitive linkers. Following endocytosis and release of the nanoparticles into an intracellular reducing environment, the particles break down, releasing the active antitumour polyamine analogues and the enclosed cargo. Proof-of-principle in vitro and in vivo experiments using nanoparticles constructed of BENSpm with miR-34a (a transcriptional target of p53 and a promoter of apoptosis) molecules as cargo were examined in the human colon carcinoma line HCT116 (reF. 151 ). These experiments successfully demonstrated that the particles released functional miR-34a and the parent polyamine analogue, decreased polyamine biosynthesis and induced polyamine catabolism. Treatment of human colon tumour xenografts in vivo also reduced tumour volumes. Similar in vitro results were observed when PG-11047 was used in nanoparticle construction in the treatment of human non-small-cell lung cancer lines A proposed mechanism by which polyamine analogue-based nanoparticles deliver miR-34a mimic and inhibit tumour cell growth by altering polyamine metabolism and targeting p53-regulated genes is shown. a | Polyamine prodrugs (PaPs) condense microRNA (miRNA) into nanoparticles. b | The nanoparticles enter the cell by endocytosis. Upon endosomal escape, the particles disassemble in the cellular reducing environment, releasing the parent polyamine analogue and miR-34a mimic. Polyamine biosynthesis decreases, and polyamine catabolism increases. Increased polyamine catabolism in combination with the miR-34a mimic (which inhibits BCL2 translation) leads to increased apoptosis by simultaneously depleting polyamines while blocking oncogenic miR-34a targets, including the anti-apoptotic protein BCL-2. BENSpm, growth. The surprising finding that many of the analogues also upregulate polyamine catabolism, as one mechanism of their antiproliferative activity, is still a promising avenue for exploration. New formulations and/or treatment schedules may yet allow the therapeutic polyamine analogues to live up to their early promise.
Conclusions and future directions
As our understanding of the pathways affected by polyamines and of the molecular mechanisms in which polyamines are involved has developed, the potential for exploiting the polyamine metabolic pathway as a strategy for cancer therapy and prevention has increased. The discovery of the direct involvement of polyamines in multiple oncogenic and cell signalling pathways offers new points of intervention to be explored. DFMO continues to show promise in chemoprevention and in combination with other agents for specific tumour types. New formulations using polyamine analogues as backbones for prodrug nanoparticles suggest additional ways in which the polyamine metabolic pathway can be targeted in combination with nucleic acids or additional therapeutics as cargo. The recent findings suggesting that PBT enhances the antitumour immune response are particularly exciting, as the field of anticancer immunotherapy has experienced an explosion of encouraging results. Other encouraging findings include the potential of targeting polyamine catabolism as a strategy for chemoprevention and the targeting of the methionine salvage pathway in specific cancers that maintain MTAP. One area in which substantial progress has been made, but in which much more needs to be learned, is understanding the precise molecular mechanisms involved in mammalian polyamine transport. Although considerable data have been published that are consistent with multiple transport mechanisms, large gaps in our knowledge still remain. Finally, even as considerable progress has been made since Leeuwenhoek discovered spermine in 1678 (reF.
152
), particularly in the past decade, the availability of new investigative tools and methods holds great promise to allow us a better understanding of the molecular mechanisms in which polyamines are involved and how best to target their metabolism and function for therapeutic benefit in the treatment of cancer.
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